The southern Oregon-northeastern California and extreme northwestern Nevada (hereafter "SONEC") region (Fig. 1a) of the Great Basin provides critical spring migration habitat for waterfowl and other waterbirds in the Pacific Flyway. Fleskes and Yee (2007) reported peak counts of over 2 million waterfowl in SONEC during mid-March, with Northern Pintails (Anas acuta), a species of special concern because of its continued low population numbers Duncan 1999, USFWS 2009) , as the most abundant species. Miller et al. (2005) reported that 77%-87% of female Northern Pintails equipped with satellite transmitters during late winter in the Central Valley of California visited SONEC during spring on their way to Alaska and Prairie Parkland breeding areas. Pintails are an early-nesting species and endo genous fat and protein reserves gathered during migration play a critical role in formation of eggs for their initial nesting effort (Krapu 1974, Esler and Grand 1994) . Thus, conservation of spring migration habitats in SONEC is important for many Pacific Flyway waterbirds (Lindstrom 2003) and is especially critical for early-nesting species such as pintails.
Information on the dynamics and distribution of waterbird habitats in SONEC during spring is needed to guide the Intermountain West Joint Venture and other conservation efforts in the region (North American Waterfowl Management Plan Committee 2004, Intermountain West Joint Venture [Internet] ). Conservation planning requires knowledge of the carrying capacity of the current landscape and potential for increasing that capacity through management. Understanding the geographic distribution and temporal variation of waterbird habitats is crucial for setting goals and identifying potential habitats for protection, enhancement, and restoration. Global climate change may alter the timing and amounts of rain, snow, and snowmelt (Cayan et al. 2008) , which could greatly impact availability of waterbird habitats during spring in SONEC. An understanding of the current landscape is needed to evaluate these impacts. Although maps of wetland basins and other National Land Cover Data (NLCD) types are available ABSTRACT.-The southern Oregon-northeastern California and extreme northwestern Nevada (hereafter "SONEC") region provides critical spring migration habitat for waterfowl and other waterbirds in the Pacific Flyway. Information on the dynamics and distribution of waterbird habitats in SONEC during spring is needed to guide conservation efforts in the region. We grouped 1992 National Land Cover Data classes into 5 potential waterbird habitat types and used Landsat 5 Thematic Mapper and Landsat 7 Enhanced Thematic Mapper Plus satellite imagery to map flooding of these habitat types in SONEC during February-May, 2002 and 2003 . SONEC included 13,727 km 2 of potential waterbird habitat comprised of grasslands (37.1%), pasture/hay (24.6%), marsh (15.9%), open wetland (11.8%), and croplands (10.6%). On average, 11.9% of this potential habitat was flooded during spring; but the percentage, area, and composition varied within and among years and subregions. Total flooding increased from 693 km 2 in February to 2099 km 2 in April during 2002 and from 1630 km 2 in February to 2125 km 2 in May during 2003. Open wetland comprised 58%-74%, marsh 8%-18%, pasture/hay 4%-11%, grassland 4%-17%, and cropland 3%-8% of the flooded habitat in SONEC. Satellite imagery and land-use data provided useful estimates of waterbird habitat availability in SONEC during spring, but other methods should be tested to more accurately measure flooding of densely vegetated habitats such as marsh. With <12% of the potential habitat flooded on average during spring, conservation programs have ample opportunity to improve the SONEC landscape for migrating waterbirds. (Dahl 2000, USGS EROS [Internet] [a]), wetland basins only provide habitat for waterbirds when they contain water. Also, croplands, pastures, hayfields, and grasslands are important waterbird habitats when flooded (Fleskes and Battaglia 2004) ; and the flooded extent of these areas in SONEC has not been mapped. The combined analysis of satellite imagery and land-use data has been used successfully to map availability of waterbird habitats elsewhere (Spell et al. 1995 , but the method has not been tested in SONEC. To provide baseline data, test the utility of a method for evaluating changes related to climate change and other factors, and help guide conservation efforts in SONEC, we grouped NLCD classes (based on 1991-1993 [hereafter 1992] (Fig. 1) in the northwestern portion of the Great Basin (Hunt 1967) . SONEC comprises approximately 10% of the Great Basin, extending about 480 km east to west and 400 km north to south, and encompassing 70,490 km 2 . Major uplifted areas run predominantly north and south, with most wetland habitats in basins. The area of waterbird habitat available during spring is largely dependent on the amount of spring rains and run-off from accumulated snow that naturally floods or is applied to wetlands, pastures, and other landscapes (Ivey and Paullin 1985) . Freezing temperatures commonly reduce availability of waterbird habitats during winter and early spring.
Subregions
The SONEC region originally was defined, based on roads and topographic features, to contain 7 subregions (Fleskes and Battaglia 2002) ; however, 4 peripheral subregions (Surprise Valley, Shasta Valley, Pueblo Valley, and Honey Lake) were added so the region encompassed all locations of migrating radio-tagged Northern Pintails (Miller et al. 2003, Fleskes and Battaglia 2004) . The Lower Klamath subregion includes Lower Klamath and Tule Lake National Wildlife Refuges (NWRs), Butte Valley Wildlife Area, Klamath River Game Management Area, Clear Lake NWR, and numerous small reservoirs and wetlands (Bottorff 1985 
METHODS
We grouped 1992 NLCD classes into 5 potential waterbird habitat types and used TM and ETM+ satellite imagery to map flooding of these habitat types in SONEC during February-May, 2002 and 2003 . The 1992 NLCD raster data sets are divided into 21 use-cover classes based primarily on unsupervised classification of Landsat Thematic Mapper 1991-1993 imagery as well as on topography, census data, agricultural statistics, soil characteristics, other land-use maps, and wetlands data (Vogelmann et al. 1998) . We overlaid and clipped the original NLCD raster layers (USGS EROS [Internet] [a]) with the SONEC region and subregion boundaries. Two NLCD classes were not found in SONEC (fallow and high-intensity residential), and we excluded classes that were not potential waterbird habitat (low-intensity residential, commercial/industrial/transportation, bare rock/sand/clay, transitional [bar ren], deciduous forest, evergreen forest, mixed forest, shrubland, orchards/vine yards/other, and urban/recreational grasses). We grouped all other NLCD classes into 5 waterbird habitats: (1) small grains or row crops = cropland; (2) grassland/herbaceous = grassland; (3) pasture/hay = pasture/hay; (4) emergent herbaceous wetland or woody wetland = marsh; and (5) (Table 1) . According to metadata included with the original 27 Landsat images, 17 images were cloud free or nearly cloud free, 6 images contained about 15% cloud cover, and 4 images contained about 30% cloud cover. Clipping the original Landsat images to the SONEC boundary (see below) reduced overall cloud cover. We grouped scenes by date into 7 scene-dates for analysis (Table 1) . Most interpretation of our data comes from the 4 scene-dates (2002: February, April; 2003: February, May) where all 3 paths were available (Table 1) .
Of the 27 images we used, 3 were derived from TM sensors (Path 43 [row 30] To associate unique spectral signatures with broad reflectance types in each new image, we used ERDAS Imagine (Version 8.7) and chose the classification options of (a) unsupervised cluster analysis, (b) 20 classes, and (c) iteration until 95% convergence. Our choice of 20 classes accurately captured the spectral diversity (and associated water content) of the underlying imagery while still consisting of few enough classes to make subsequent reclassification steps simple and less time-consuming. This multivariate cluster analysis procedure created homogenous groups, minimized human error in interpretation and classification, reduced the need for ground-truthing, required no prior knowledge of the study area, and was relatively inexpensive compared with other methods (e.g., procurement of aerial photography and extensive ground-truthing). For easier identification of water and ice, we displayed the output using a color composite of TM and ETM+ bands 4, 5, and 3. We grouped the 20 classes into 4 reflectance types of interest: cloud or dune, snow or ice, water or shadow, and other. As noted above, we avoided scenes with clouds in the SONEC region to minimize this main source of shadow (and potential error). After further examination and image correction, we discovered a fifth reflectance type, which, based on site data, we determined to be alkali flats. Using the Raster Calculator of the Spatial Analyst extension of ArcMap (Version 8.3), we combined the intersection of each clipped, classified TM and ETM+ raster layer with the corresponding clipped NLCD raster layer to create a new raster layer whose values represented unique pairings of NLCD and TM or ETM+ values.
Because path 44 slightly overlaps paths 43 and 45 (Fig. 1a) , we clipped overlap areas from each path using the Raster Calculator of the Spatial Analyst extension of ArcMap (Version 8.3). In all, we created 16 full and 8 overlap raster layers for analysis. We georeferenced rasters to 1983 North American datum, zone 10 (for paths 44, 45, and overlaps) or zone 11 (for path 43) of the Universal Transverse Mercator (UTM) coordinate system. We performed all analyses using a Dell Precision 530 personal computer running Windows 2000 operational software. We completed raster-based (GIS) image analyses, classifications, processing, and other GIS procedures using ERDAS Imagine (Version 8.7) and the Spatial Analyst extension of ArcMap (Version 8.3). We exported final tabular data to Microsoft Excel 2002 for analysis.
We classified areas that showed water reflectance as "flooded" (previously our "water or shadow"). We used refuge records (D. Mauser, U.S. Fish and Wildlife Service, unpublished data) to verify our correct classification of 10 flooded and 10 dry units on Lower Klamath NWR. Frozen areas had different reflectance than water. Because we did not consider frozen areas as waterbird habitat, we classified them as ice and did not include them in the flooded total. Using simple algebra, we calculated total flooded area within SONEC and within each SONEC subregion for each month from flooded values (each cell = 30 m 2 ) using the following formula: Because we purchased and began processing imagery before the 4 peripheral subregions were added to SONEC, significant portions of some of these subregions were outside the area covered by Paths 43-45 that we used to map flooding. We provide estimates of the area of each habitat that was within and outside our coverage area and predict flooding of habitats outside our coverage area by assuming that the flooded percentage of each habitat outside our coverage area was the same as in the rest of the subregion (or adjacent subregion if none in that subregion).
RESULTS

Coverage of TM and ETM+ Imagery
The TM and ETM+ satellite imagery we selected (Table 1 ) covered 87% of the entire area of SONEC, including all, or nearly all subregions except Honey Lake and Pueblo Valley (Fig. 1a, Table 2 ). This coverage allowed us to map for flooding in 92% of the potential waterbird habitat (86%-99% of each type) in SONEC (Fig. 1a, Table 2 ). Potential waterbird habitat in SONEC outside of where we mapped flooding (and for which we predicted flooding based on mapped areas) totaled 113,930 ha and was in the Honey Lake (58,043 ha), Pueblo Valley (27,582 ha), Warner Valley (11,069 ha), Northeastern California (8264 ha habitat was uplands (i.e., grasslands, pasture/hay, cropland).
Potential Waterbird Habitat SONEC included 13,727 km 2 of potential waterbird habitat comprised of grasslands (37.1%), pasture/hay (24.6%), marsh (15.9%), open wetland (11.8%), and croplands (10.6%, Table 2 ). Overall, 19.5% of SONEC was potential waterbird habitat, with grasslands covering 7.2%, pasture/hay 4.8%, marsh 3.1%, open wetlands 2.3%, and croplands 2.1% ( Table 2 ). The percentage of each subregion that was potential waterbird habitat ranged from 10.9% of Warner Valley to 33.9% of Shasta Valley (Table 2 ). Grasslands comprised 22% of Shasta Valley and 5.7%-9.5% of other subregions. Pasture/hay comprised 10.7% of Modoc Plateau and 1.3%-6.9% of other subregions. Marsh comprised 7.6% of Summer Lake and 0.2%-5.3% of other subregions. Open wetlands comprised about 7% of Modoc Plateau and Summer Lake and 0%-3.4% of other subregions. Croplands comprised 14.3% of the land area of Lower Klamath but only 0%-1.5% of other subregions.
Flooded Habitat
The percentage flooded, area flooded, and composition of flooded waterbird habitat in SONEC varied within and among years. On average, 11.9% of potential habitat in SONEC was flooded during the 4 periods that we studied ( Table 2 ). The percentage of potential habitat flooded was greater during April-May (15.4%) than during February (8.5%). The percentage flooded varied greatly among habitat types, ranging during the 4 periods in SONEC from 25% to 82.9% (x -= 65.4%) of open wetland, 2.6% to 17.5% (x -= 10.6%) of marsh, 2.7% to 9.2% (x -= 5.4%) of cropland, 2.1% to 6.7% (x -= 4%) of pasture/hay, and 1.3% to 3.5% (x -= 2.6%) of grasslands (Table 2) Pasture/hay comprised 4%-11%, grassland 4%-17%, and cropland 3%-8% of the flooded habitat in SONEC. Marsh comprised a lower percentage of the total flooded habitat in February (8%-9%) than in April-May (16%-18%) each year whereas the opposite was true for cropland (6%-8% in February, 3% in AprilMay); monthly differences were not consistent among years for the other habitats (Table 2) .
Flooded habitat area differed greatly among subregions (e.g., from <223 ha in Pueblo Valley to <48,464 ha in Upper Klamath) because both the area of potential habitat (e.g., from 511 km 2 in Pueblo Valley to 2434 km 2 in Malheur) and the percentage of potential habitat that was flooded in each (e.g., from 0.3% in Pueblo Valley to 27.6% in Summer Lake) varied widely (Table 2) . Composition of flooded habitat also differed greatly among subregions (Fig. 2) Annual and seasonal variation in habitat availability both within and outside SONEC must be considered in conservation planning. Most waterfowl and many other waterbirds that winter in the Central Valley of California migrate through SONEC during February-May on the way to their nesting grounds, with peak abundance in SONEC generally earlier for waterfowl than for shorebirds (i.e., February-March vs. April-May; Warnock et al. 1998 , Miller et al. 2005 , Fleskes and Yee 2007 . Preferred habitat types and foraging water depth also differs among species, with shorebirds generally foraging in a shallower range of water depths than is available to waterfowl and other waterbirds (Isola et al. 2000) . Timing of waterbird spring migration and habitat availability in SONEC currently match well. However, climatic changes (Cayan et al. 2008) may alter timing of waterbird migration (Bauer et al. 2008 ) and increase annual variation in habitat availability above what we measured during our 2 study years of near-normal precipitation and temperatures. Also, if drought conditions become more prevalent in the Central Valley of California (Cayan et al. 2008) , waterbirds may migrate into SONEC earlier and in poorer body condition. Thus, monitoring habitat availability and waterbird spring migration to detect changes and adjusting management programs to provide adequate amounts of spring habitats in SONEC may become even more important.
Distribution of Potential Habitat and Flooded Habitat
Distribution of waterbird habitat in SONEC is the result of geology and land-use practices. The types and amounts of potential and flooded waterbird habitat available in each subregion need to be considered in conservation planning for the region. For instance, deep-water habitats, such as lakes and other open wetlands, support a different cadre of waterbirds during spring than shallow-water habitats, such as flooded croplands. The capacity to flood potential habitat depends on a variety of factors including soil type and water avail ability. Other than marsh and open wetland, pasture/hay probably has the greatest potential for increased spring flooding because many fields were created by irrigating grasslands or altering the hydrology or vegetation of wetlands. Thus, these fields likely have waterretaining soils and water availability. Grassland probably has the lowest potential for increased spring flooding because most areas that have soils appropriate for retaining water and adequate water supplies have probably already been converted to pasture/hay or cropland.
Data Limitations
Interpretation of our results must be tempered by potential data collection and analysis problems. There are at least 3 potential sources of error inherent to our methodology that could lead to incorrect conclusions. These limitations include the currency of NLCD data, the availability of Landsat 5 TM and Landsat 7 ETM+ imagery, and our ability to classify and interpret the imagery.
NLCD-BASED HABITAT TYPES.-We classified habitat types based on 1992 NLCD data, which was the most recent NLCD data set available for the SONEC region when we conducted the analysis. Although we are not aware of expansive changes in the region, land use of some areas probably changed between 1992 and the years for which we mapped flooding (2002) (2003) . With federal and state wetland protection programs, conversions from one upland category to another (e.g., grassland to cropland or pasture/hay) were probably more common than conversions of marsh or open wetland to an upland category.
LANDSAT IMAGERY AVAILABILITY.-The frequency and coverage of suitable TM and ETM+ imagery limited our ability to measure habitat availability in SONEC during spring. Of the 27 scenes that we used, only 17 were cloud free or nearly cloud free. These scenes were available only during early and late spring. More frequent measures of flooding may have revealed greater seasonal variation of habitat availability than what we measured. Also, flooding undoubtedly varies more among years than indicated by our 2 years of study during near-average weather conditions. Finally, we assumed that flooding in 8.3% of SONEC not covered by the TM and ETM+ scenes we analyzed was consistent with areas where we measured flooding; some differences may have existed.
LANDSAT IMAGERY INTERPRETATION.-Shadows and vegetation obstruction of water complicated our ability to measure flooding. Shadows, mainly from clouds, provided TM and ETM+ spectral signature that overlapped with spectral signature of water. We attempted to minimize misinterpreting shadow as flooding by restricting our analysis to imagery that had no cloud shadows or minimal cloud shadows. Further, with only a few minor exceptions, we were able to avoid having to interpret the few cloud shadow areas that were present in the images by averaging the area of overlap between paths (see formula in the methods). Thus, we are confident that cloud shadow did not result in any significant overestimation of flooding.
A more difficult problem that we could not effectively eliminate was the inability of TM and ETM+ sensors to detect water that was hidden by dense emergent (or other) vegetation. Our methods did generalize spectral signatures enough to correctly classify some obscured flooded areas, and ground-truthing of the Lower Klamath NWR showed that our classification of flooded marsh and wetland units was accurate. However, marsh with extremely dense emergent vegetation or other vegetation that completely obscured water reflectance would likely not be correctly classified by our method as flooded. This was probably only a severe problem for marsh, which commonly contains species of vegetation that remain erect when flooded (e.g., cattails [Typha spp.] , bulrush [Scirpus spp.]), effectively obscuring water reflectance at high densities. Thus, our estimates of flooded marsh are probably biased low, and we recommend that researchers and managers use other methods to accurately determine marsh flooding.
Conclusions
Despite the limitations that we describe above, the methods we used provide useful estimates of the amount and distribution of potential and available waterbird habitat in SONEC during spring. These estimates can be used to guide habitat conservation efforts and to provide a basis for evaluating changes due to climate change, habitat programs, or other factors. SONEC's expansive land area includes a rich array of potential spring habitat for waterfowl and other waterbirds. With only about 12% of the potential habitat in SONEC flooded on average during spring, conservation programs have ample opportunity to increase flooding and improve the SONEC landscape for migrating waterbirds.
